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Summary

 

The protozoan parasite 

 

Trypanosoma cruzi

 

 circulates in the blood as trypo-
mastigotes and invades a variety of cells to multiply intracellularly as amastig-
otes. The acute phase triggers an immune response that restricts the
proliferation of the parasite. However, parasites are able to persist in different
tissues causing the pathology of Chagas’ disease. Natural killer (NK) cells play
an important role in innate resistance to a variety of pathogens. In the present
study we demonstrate that NK cells trigger trypanocidal mechanisms in
infected L929 cells that are critically dependent on inducible nitric oxide (NO)
synthase (iNOS) induction which is, to a major degree, triggered by interferon
(IFN)-

  

γγγγ

 

 provided by NK cells. This work provides a more detailed analysis of
how NK cells as a part of the innate immune system participate in the control
of parasites that reside intracellularly in fibroblast-like L929 cells.
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Introduction

 

Trypanosoma cruzi

 

 is the aetiological agent of Chagas’ dis-
ease. Approximately 18 million people in Latin America are
infected with the protozoan parasite, and an additional 100
million, i.e. 25% of the population of Latin America, are at
risk of acquiring Chagas’ disease (WHO, 2004; http://
www.who.org).

The acute phase of infection is characterized by high par-
asitaemia in the blood, followed by the chronic phase that is
associated with pathology of Chagas’ disease: a life-long per-
sistence of parasites in various tissues but mainly in the heart
and muscle tissue [1], leading to the death of 50 000 people
annually [1,2].

After invasion of infectious metacyclic trypomastigotes in
mammalian host, 

 

T. cruzi

 

 infects a variety of cell types such
as macrophages [3] and fibroblasts [4]. The latter cell types
are numerous in the extracellular matrix of the skin [5], and
thus presumably one of the first cells infected. Whereas 

 

T.
cruzi

 

-infected macrophages and cardiomyocytes are strongly
affected in terms of degradation of the cytoskeleton and
induction of apoptosis [6], fibroblasts remain refractory to
apoptosis [7], which is accompanied by a slight change in
gene expression [8]. This indicates that the parasite is dis-
guised in these cells.

In contrast to the inconspicuous infection of fibroblasts,
macrophages release interleukin (IL)-12 immediately after

infection, which is known to induce a Th1 type of immune
response and act directly on natural killer (NK) cells that are
prompted to produce interferon (IFN)-

 

γ

 

 [9–11]. NK cells are
described to be the source of early IFN-

 

γ

 

 during 

 

T. cruzi

 

infection, and thus depletion of NK cells leads to a strong
decrease of IFN-

 

γ

 

 production and to an enhanced parasi-
taemia [12,13]. Protective immunity against intracellular
parasites such as 

 

Leishmania

 

 spp. [14,15], 

 

Toxoplasma gondii

 

[16] and 

 

T. cruzi

 

 [17,18] has been shown to depend on the
production of nitric oxide (NO) after induction of inducible
NO synthase (iNOS, NOS2).

In the present study, we demonstrate that 

 

T. cruzi

 

-infected
fibroblasts activate NK cells by contact-independent mecha-
nisms. Activated NK cells subsequently initiate trypanocidal
effector mechanisms in infected L929 cells that are triggered
mainly by IFN-

 

γ

 

, but also other soluble mediators, and thus
contribute to the control of intracellular parasites.

 

Materials and methods

 

Parasites and mice

 

T. cruzi

 

 Tehuantepec epimastigotes were stably transfected
with 5 

 

µ

 

g of a 

 

β

 

-galactosidase expression plasmid (pBS-CL-
Neo-LacZ, provided by F. S. Buckner), as described previously
[19]. Transfected parasites were maintained in liquid culture
in the presence of G418 (G

 

ibco

 

, Invitrogene, Karlsruhe,

http://
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Germany; 150 

 

µ

 

g/ml). For 

 

in vitro

 

 infection of cells parasites
were cultured using the murine L929 fibroblast cell line or
human  86-HG-39  myoblastoma  cells  by  serial  passage  of
the supernatant of infected cells to uninfected cells.  CBA/j
and SCID mice were obtained from Charles River Labora-
tories (Sulzfeld, Germany). C57BL/6 IFN-

 

α

 

/

 

β

 

-R

 

–/–

 

 mice were
obtained from MPI for Infection Biology (Berlin, Germany).

 

Treatment of spleen cells

 

Spleen cells from CBA/j mice were cultured with 20 U/ml IL-
2, and in some experiments additionally with 0·2 mg/ml poly
I:C (Sigma, Taufkirchen, Germany) overnight. For neutral-
ization of IFN-

 

γ

 

, 30 

 

µ

 

g/ml of the monoclonal antibody
(clone XMG 1·2, BNI), IFN-

 

α

 

 10-

 

µ

 

g/ml of monoclonal anti-
body (clone RMMA-1, RDI Research Diagnostics), IFN-

 

β

 

 40
units of polyclonal anti-serum (RDI, Concord, MA, USA)
and 10 

 

µ

 

g/ml for IL-12 monoclonal antibody (clone C17·8,
Becton Dickinson, Heidelberg, Germany) were added to
spleen cells. Blocking iNOS was achieved by application of
5 m

 

m

 

 aminoguanidin to the culture.

 

Infection system

 

Cells (1 

 

× 

 

10

 

4

 

 L929) were cultured in a 24-well cell culture
plate (Greiner, Frickenhausen, Germany) to a single cell
monolayer, before the cells were infected with 1 

 

×

 

 10

 

5

 

 lacZ-
transfected 

 

T. cruzi

 

 for 3 days. Cells were washed to remove
extracellular 

 

T. cruzi

 

. Then 3 

 

×

 

 10

 

6

 

 spleen cells were added
directly or separated in transwell inserts (Nunc, Roskilde,
Denmark) for an additional 2 days and the parasitic burden
was measured using chlorophenol red-beta D galactopyra-
noside (CPRG) (Roche, Mannheim, Germany) staining as
substrate for 

 

β

 

-Gal. Cytokine and nitric oxide (NO) produc-
tion was quantified by enzyme-linked immunosorbent assay
(ELISA) and Griess assay, respectively.

 

Reverse transcription–polymerase chain reaction 
(RT–PCR) of type I interferons

 

Cells (1 

 

× 

 

10

 

6

 

 L929) were lysed in 1 ml TriReagent (Molecu-
lar Research Center, Cincinnati, OH, USA) and after supple-
mentation of 100 

 

µ

 

l bromo-chloropropane (BCP) (Sigma,
Taufkirchen, Germany) cell lysate was centrifuged for 30 min
at 14 000 

 

g

 

. RNA was pelleted with isopropanol and washed
with ethanol. The pellet was dried and resuspended in Aqua
dest. For reverse transcription, 2 

 

µ

 

g RNA filled with diethyl
pyrocarbonate (DEPC)-water up to 11 

 

µ

 

l was incubated
with 4 

 

µ

 

l oligo(dT)

 

15

 

-primer, 4 

 

µ

 

l 5 

 

×

 

 buffer, 2 

 

µ

 

l dithiothre-
itol (DTT) (0·1 M), 2 

 

µ

 

l dideoxy nucleotide triphosphate
(dNTP) (10 mM) for 5 min at 65

 

°

 

C and afterwards for 5 min
on ice. Subsequently 1 

 

µ

 

l Super-Script™ II (G

 

ibco

 

, Eggen-
stein, Germany) was added and incubated for 1 h at 37

 

°

 

C.
Expression of type I interferon cDNA was exemplarily anal-
ysed for IFN-

 

α

 

 and IFN-

 

β

 

, using primers for IFN-

 

α

 

: sense

5

 

′

 

-TGTCTGATGCAGCAGGTGG-3

 

′

 

 and anti-sense 5

 

′

 

-
AAGACAGGGCTCTCCAGAC-3

 

′

 

 and for IFN-

 

β

 

: sense 5

 

′

 

-
CCATCCAAGAGATGCTCCAG-3

 

′

 

 and anti-sense 5

 

′

 

-GTG-
GAGAGCAGTTGAGGACA-3

 

′

 

. As control the expression of
the housekeeping gene 

 

β

 

-actin with primer sense 5

 

′

 

-GTCG-
TACCACAGGCATTGTGATGG-3

 

′

 

 and anti-sense 5

 

′

 

-
GCAATGCC TGGGTACATGGTG G-3

 

′

 

 was analysed. Poly-
merase chain reaction (PCR) of type I interferon was per-
formed in 35 cycles with 1 min 94

 

°

 

C denaturation, 1 min
62

 

°

 

C annealing and 1 min 72

 

°

 

C elongation with PCR cycler
(Hybaid OmniGene, Middlesex, UK). DNA amplification
was controlled in 1% TBE agarose gels.

 

NK depletion

 

Spleen cells from CBA mice were washed in PBS supple-
mented with 1% fetal calf serum (FCS) and stained on ice with
fluorescein isothiocyanate (FITC)-labelled anti-mouse
CD49b/pan NK cell (DX5) monoclonal antibody (Becton
Dickinson). The cells were then washed in PBS with 1%
bovine serum albumin (BSA) and 2 m

 

m

 

 ethylenediamine tet-
raacetic acid (EDTA), centrifuged and resuspended in 80 

 

µ

 

l
PBS. Twenty 

 

µ

 

l Macs anti-FITC-MicroBeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) was added and incubated
on ice for 15 min. Cells were resuspended with PBS to a final
volume of 500 

 

µ

 

l and applied on an equilibrated LS

 

+

 

 separa-
tion column (Miltenyi Biotec). Cells were eluted by washing
the column twice with 500 

 

µ

 

l PBS/1% BSA and resuspended
in medium. NK-deficient spleen cell suspension and isolated
NK cells were added to the infected fibroblasts separately.

 

Immunoblot

 

Infected and uninfected fibroblasts (1 

 

×

 

 10

 

6

 

) were lysed with
1% Triton lysis buffer. After centrifugation supernatants
were supplemented with glycerin/sodium dodecyl sulphate
(SDS) buffer and applied on a gradient SDS–polyacrylamide
gel electrophoresis (SDS-PAGE) gel (8–18%). After electro-
phoresis the gel was blotted using the semidry technique
on Hybond-ECL nitrocellulose (Amersham Bioscience,
Freiburg, Germany). Nitrocellulose was then blocked in 4%
BSA/PBS and washed twice with PBS supplemented with
0·1% Tween. The blot was incubated with 1 

 

µ

 

g/ml rabbit
anti-mouse iNOS/NOS II (Upstate Biotechnology) for 1 h at
room temperature followed by horseradish peroxidase
(HRP)-labelled goat anti-rabbit antibody (Dako, Glostrup,
Denmark) for 1 h at room temperature. After washing with
PBS/0·1% Tween the blot was developed with ECL Western
blotting detection solution and Hyperfilm-ECL (Amersham
Bioscience).

 

Statistical analysis

 

Results are presented as the mean 

 

±

 

 standard deviation. Each
experiment was performed independently three to four
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times. Statistical analysis was generally performed with the
unpaired Student’s 

 

t

 

-test using 

 

prism

 

 software (Graph Pad
Software, San Diego, CA, USA). The level of significance was
set at *

 

P

 

 

 

≤

 

 0·05 and **

 

P

 

 

 

≤

 

 0·01.

 

Results

 

Decreased burden of intracellular 

 

T. cruzi

 

 after 
co-incubation with spleen cells

 

To study the ability of immune cells to affect the number of
intracellular 

 

T. cruzi

 

 in fibroblasts, monolayers of L929 cells
were infected 

 

in vitro

 

 with 

 

lacZ

 

-transfected 

 

T. cruzi

 

 and sub-
sequently spleen cells from CBA/j mice were added. Staining
of cells with 4

 

′,6-diamidino-2-phenylindole (DAPI), a dye
for nuclear fluorescent labelling, revealed that approximately
80% of the cells were infected after 3 days using a multiplicity
of infection (MOI) of one parasite per cell (data not shown).
Addition of spleen cells from CBA/j mice for 2 days reduced
the parasitic load in L929 cells significantly (Fig. 1a). Spleen
cells that were pre-activated with poly I:C, which is known to
induce IFN-γ by NK cells, displayed an increased activity in
comparison to naive spleen cells. As expected, pre-activated
spleen cells produce more IFN-γ and an increased amount of
nitric oxide could be found in poly I:C-stimulated cultures
(Fig. 1b). TNF-α production was not detectable in this in
vitro culture system (data not shown). Trypanocidal activity
of naive as well as poly I:C pre-activated spleen cells were
independent from cell-to-cell contact, as separation of
spleen cells from infected L929 cells by a transwell insert did
not abolish the trypanocidal effect (Fig. 1a). These findings
suggest not only that the reduction of intracellular parasites
is triggered by spleen cell-derived soluble factors, but also
that spleen cells were activated by soluble factors that were
produced by infected L929 cells.

Depletion of NK cells abrogates the activity against 
intracellular T. cruzi

Due to the short incubation time of naive spleen cells with
infected fibroblasts, an involvement of specific T cells in this
trypanocidal effect is unlikely. However, it is well accepted
that NK cells produce IFN-γ very quickly after the infection
of spleen cell cultures with T. cruzi. To investigate if NK cells
contribute to the reduction of intracellular parasites in L929
cells, NK cells were depleted from spleen cell cultures of
CBA/j mice and the remaining cells were incubated with the
infected fibroblasts. The depletion of NK cells led to a strong
decrease of trypanocidal activity against T. cruzi-infected
L929 cells (Fig. 2a). In addition, we found that purified NK
cells exhibit trypanocidal activity, although they were not
found to be as active as naive spleen cells. The central role of
NK cells was corroborated by experiments using spleen cells
from SCID mice. Although these mice lack T and B cells their
trypanocidal activity was as high as those from wild-type
CBA/j mice and could be increased further by stimulation
with poly I:C (Fig. 2b).

Trypanocidal activity is enhanced by IFN-γγγγ and depends 
critically on nitric oxide

IFN-γ activates macrophages to produce anti-microbial mol-
ecules that kill intracellular pathogens. The incubation of
spleen cells with infected fibroblasts also led to an IFN-γ
secretion and to the production of nitric oxide. To control if
this pathway is critical for the trypanocidal activity of T.
cruzi-infected fibroblasts, iNOS was blocked with ami-
noguanidin and IFN-γ was neutralized by monoclonal anti-
bodies. Naive spleen cells minimized the parasitic burden
significantly. Treatment with aminoguanidin inhibited the
synthesis of nitric oxide and abrogated the trypanocidal
activity against intracellular parasites. Whereas after iNOS

Fig. 1. Induction of trypanocidal activity in L929 cells after incubation with CBA/j spleen cells. A monolayer of L929 cells was infected with 

1 × 105Trypanosoma cruzi and after 3 days 3 × 106 spleen cells from CBA/j mice that were either untreated or stimulated with 0·2 mg/ml poly I:C were 

added. After an additional 2 days the number of intracellular lacZ-transfected T. cruzi was measured by staining with chlorophenol red-beta D 

galactopyranoside (CPRG) (a). The number of intracellular parasites was similar when L929 cells were in direct contact with spleen cells (contact) or 

when they were separated by a transwell system (TW). The supernatant of this mixed cell culture system was analysed for interleukin (IL)-12, interferon 

(IFN)-γ and nitric oxide (NO) (b). Graphs indicate cytokine production after direct (contact) incubation.
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blockade almost no differences were found in the parasitic
load in comparison to the control, the neutralization of IFN-
γ caused a lower but statistically significant inhibition of try-
panocidal activity (Fig. 3a). Neutralization of IFN-γ corre-
lates with a decreased production of nitric oxide (data not
shown), which indicates that the trypanocidal activity of
infected fibroblasts depends critically on nitric oxide. How-
ever, in the absence of IFN-γ other soluble factors might also
contribute to the induction of iNOS. In order to test if NO
production by infected L929 cells was due to an increased
iNOS expression we performed immunoblot analysis
(Fig. 3b). In vitro infection of L929 cells with T. cruzi causes
only a weak induction of iNOS. In contrast, in the presence
of spleen cells iNOS was found to be significantly up-regu-
lated. This was also found when spleen cells were separated
by a transwell insert from infected fibroblasts. This demon-
strates further that iNOS induction was contact-indepen-
dent, and in addition exclude that iNOS was expressed only
in macrophages present in spleen cells, which are known for
their strong iNOS expression after stimulation with IFN-γ. It

is interesting to note that neutralization of IFN-γ from spleen
cells led to a decreased expression of iNOS in fibroblasts,
although the expression remains higher than in infected
L929 cells in the absence of spleen cells. These findings are
further evidence that not only IFN-γ is able to induce iNOS.

Activation of spleen cells is not dependent on IL-12

IL-12 is a strong inducer of IFN-γ production. Although
infected fibroblasts did not release IL-12 in detectable
amounts, IL-12 was produced by spleen cells that were cul-
tured in the presence of infected L929 cells. Accordingly, IL-
12 production was accompanied by IFN-γ production of
naive spleen cells. To study if IL-12 production by antigen-
presenting cells that are present in spleen cells is a prerequi-

Fig. 2. Natural killer (NK) cells were needed for the induction of try-

panocidal activity in infected L929 cells. NK cells were depleted by 

magnetic beads that were coated with anti-DX-5 antibodies from cul-

tures of naive spleen cells. A monolayer of L929 cells was infected with 

1 × 105 T. cruzi and after 3 days 3 × 106 NK cell-deficient spleen cells 

spleen and isolated NK cells were added, respectively. After an additional 

2 days the number of intracellular lacZ transfected T. cruzi was mea-

sured by staining with chlorophenol red-beta D galactopyranoside 

(CRBG) (a). In a similar experiment infected L929 cells were incubated 

for 2 days with 5 × 105 spleen cells from SCID mice that were either 

untreated or stimulated with poly I:C (b).
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izing antibodies or with 5 mm aminoguanidin, which blocks inducible 

NO synthase (iNOS) activity (a). Induction of iNOS in infected fibro-

blasts after incubation with spleen cells (b) 1 × 106 L929 cells were lysed 

in Triton X-100 containing lysis buffer and Western blotting was per-

formed after gradient (8–18%) sodium dodecyl sulphate–polyacrylamide 

gel electrophoresis (SDS-PAGE). The samples were a mixture of L929 

cells and 3 × 106 spleen cells (+ spleen cells, untreated or poly I:C 

stimulated) or L929 cells were analysed separately from spleen cells 

(TW = transwell) to exclude contamination with iNOS-expressing 

macrophages.
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site for the NK cell-induced trypanocidal activity, IL-12
(p70) was blocked by monoclonal antibodies. Interestingly,
neither naive nor poly I:C stimulated cells lost their activity
when IL-12 was blocked (Fig. 4a).

Blockade of type I interferons did not influence the 
trypanocidal activity

iNOS is still induced in infected L929 cells upon cultivation
with spleen cells although IFN-γ was blocked, albeit to a
lower extent. Therefore we investigated if type I interferons,
namely IFN-α and IFN-β, support iNOS induction in fibro-
blasts. RT–PCR of infected fibroblasts revealed induction of
the most prominent type I interferons, IFN-α and IFN-β
(Fig. 4b). Therefore we neutralized type I interferons with a
combination of a monoclonal antibody against IFN-β and a
polyclonal anti-serum against IFN-α. However, the inhibi-
tion of type I interferons had no effect on the reduction of
the parasitic load in L929 cells (Fig. 5a). To support these
findings, spleen cells from type I receptor-deficient mice
were incubated with infected fibroblasts either directly or
separated by transwell. In this experiment spleen cells were
activated and reduced the burden of intracellular T. cruzi, as
described for spleen cells from wild-type mice (Fig. 5b). The
activation of trypanocidal activity is accompanied by the
production of IL-12, IFN-γ and NO in the supernatant of the
culture (Fig. 5c). These data suggest that type I interferons
were neither involved in the activation of NK cells by infected
L929 cells nor that type I interferon secretion by NK cells is
involved in iNOS induction.

Activation of NK cells depends on fibroblast-derived 
molecules

The search for activating factors for NK cells has led to the
question of whether fibroblasts release other cytokines than

Fig. 4. Activation of spleen cells was independent from interleukin (IL-

12). 3 × 106 spleen cells from CBA/j mice were either untreated or stim-

ulated with poly I:C and incubated with a monolayer of infected 

fibroblasts either in the presence or absence of 10 µg/ml neutralizing 

anti-interleukin (IL)-12 (p70) antibodies (a). Infection of L929 cells 

by Trypanosoma cruzi is accompanied by an induction of type I 

interferon RNA (b).
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the ones excluded, or if T. cruzi-derived molecules from
extracellular trypomastigotes also present in the culture act
as activators for NK cells. To approach this issue we infected
human 86-HG-39 cells with T. cruzi and incubated these cells
with CBA/j spleen cells in transwells. However, using human
cells there was no induction of IFN-γ or IL-12 in the culture
detectable (data not shown). This points to fibroblast-
derived cytokines as activators for NK cells which could not
be defined further at this point.

Discussion

In the mammalian host, T. cruzi cycles between extracellular
trypomastigotes, which are involved in dissemination via the
blood, and intracellular amastigotes, which are forms of rep-
lication. After invasion through the skin macrophages were
one of the first cell types that were infected with T. cruzi [3,20].
Nevertheless, other cell types, e.g. fibroblasts that were found
in high numbers in the extracellular matrix of the skin, are
also highly infected [6]. However, infected fibroblasts exhibit
no induction of mRNA expression [8] and apoptosis [7],
although activation of infected cells and lymphocytes often
results in apoptosis in diverse parasitic infections including T.
cruzi [21]. Interestingly, T. cruzi-specific CD8+ T cells from
infected mice are able to form tight interactions with T. cruzi-
infected fibroblasts which are followed by the death of intra-
cellular parasites [4]. Thus, these data suggest that immune
cells are able to recognize infected fibroblasts and trigger try-
panocidal mechanisms in these cells.

We found that not only parasite specific T cells but also
naive spleen cells were able to induce trypanocidal activity in
fibroblasts. This activity could be abrogated completely by
inhibition of iNOS with aminoguanidin, which indicates
that the trypanocidal effect was mediated by NO. Using
immunoblot analysis we found that T. cruzi-infected L929
cells express only marginal amounts of iNOS. In contrast, in
the presence of naive spleen cells a strong induction of iNOS
expression occurred. This holds also true when spleen cells
were separated from fibroblasts using a transwell system.
These data suggest a cross-talk between infected fibroblasts
and naive spleen cells by soluble mediators that lead to an
activation of cells present in spleen cell preparations, which
in turn activate L929 cells. The trypanocidal activity of
infected L929 cells was dependent on iNOS, induced by sol-
uble molecules that were secreted by spleen cells. In vivo, the
importance of nitric oxide as a mediator of trypanocidal
activity remains unclear. Whereas it was shown that iNOS-
deficient mice were highly susceptible for T. cruzi infection
[17,22], a recent report described a similar parasitaemia and
parasitic burden in muscle tissue for wild-type and iNOS–/–

mice [23], respectively. It has already been shown by Saeftel
et al. that inhibition of iNOS activity in vivo increased the
susceptibility of infected mice in the very early phase of
infection and had no effect when iNOS was blocked 10 days
after infection [24]. These data may indicate that the contri-

bution of NO to the control of T. cruzi depends critically on
the stage of infection and on the tissue that is involved. An
impaired function of iNOS-dependent trypanocidal activity
might reflect the role of myoglobin as a nitric oxide scaven-
ger [24], leading to a preferential persistence in heart and
skeletal muscle [25,26]. A similar effect was described for
Leishmania that persist in fibroblasts due to their lower iNOS
activity, whereas parasites in macrophages were highly sus-
ceptible to iNOS-mediated killing [27].

Depletion of NK cells in our in vitro infection system abro-
gates the induction of trypanocidal activity in fibroblasts and
was accompanied by a decreased production of NO, which
indicates that NK cells were responsible for the observed
induction of iNOS. This is in line with our finding that spleen
cells from SCID mice (that lack B and T cells) were also able
to induce iNOS in fibroblasts in a similar manner to spleen
cells from CBA/j mice. In both settings the trypanocidal
activity increased when spleen cells were preincubated with
poly I:C, which is known to activate NK cells. In addition,
highly purified NK cells trigger trypanocidal activity in
infected L929 cells, although to a lesser extent, as spleen cells
contain the same amount of NK cells. This indicates that
other cells present in spleen cells might amplify the activity of
NK cells. It has already been shown that depletion of NK cells
in vivo causes an increased parasitaemia and in some cases an
increased susceptibility [12]. However, we reported recently
that depletion of NK cells in vivo had no significant influence
on the parasitic load in different tissues during the acute
phase as well as in the chronic stage [26]. Further experi-
ments showed that NK cells contribute to the control of
extracellular T. cruzi rather than to the control of intracellular
amastigotes in the tissue. However, our in vitro data suggest
that NK cells are capable of inducing trypanocidal activity in
fibroblasts. In vivo the highest parasitic loads were found in
heart and skeletal muscle, which might be explained by an
impaired activity of iNOS-dependent pathways in theses tis-
sues, as discussed previously.

Using transwell experiments we found that the induction
of iNOS in infected L929 cells is contact-independent. As
NO production was accompanied by the production of IFN-
γ we tested if IFN-γ secretion by NK cells might trigger iNOS
expression. Neutralizing IFN-γ by monoclonal antibodies
led to a decreased trypanocidal activity in fibroblasts and a
marked decrease of iNOS expression. However, although
iNOS levels decreased they appeared to be higher, as in con-
trol experiments, in the absence of spleen cells. Interestingly,
in vitro experiments with T. cruzi infected human fibroblasts
revealed that even the addition of recombinant IFN-γ could
not affect the parasitic load in these cells [28].

Other possible candidates that might trigger iNOS expres-
sion are type I interferons, namely IFN-α and β, the most
important type I interferons. We found that type I interfer-
ons were induced in the infected fibroblasts. Interestingly,
type I interferons were also induced in spleen cells that were
separated from infected L929 cell by a transwell insert, which
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might suggest a signal amplification between infected fibro-
blasts and NK cells. However, neutralizing antibodies against
IFN-α and -β did not lead to a further decrease in IFN-γ-
independent trypanocidal activity. Although these data sug-
gest that type I interferons were not involved as mediators
between NK cells and infected fibroblasts, we cannot exclude
that members of the type I interferon family, which were not
neutralized by the antibodies used, might account for the
remaining activity. In particular, this might be the case for
IFN-α, for which a great variety of different members have
been described.

We focused our interest not only on the induction of iNOS
in fibroblasts by NK cells but were also interested in signals
that activate naive spleen cells. Preincubation of spleen cells
by poly I:C led to their strong activation and to a subsequent
activation of trypanocidal in L929 cells, which were found to
be contact-independent. However, infected L929 cells were
also able to activate naive spleen cells that were separated by
a transwell insert. This was accompanied by IL-12 and IFN-
γ production. Depletion of NK cells abrogated IFN-γ pro-
duction (data not shown) and reduced trypanocidal activity.
We assume that IL-12 production by antigen-presenting cells
(APC) might trigger IFN-γ production by NK cells. How-
ever, blocking IL-12 by antibodies does not prevent the
induction of trypanolytic activity. This is in line with the
finding that isolated NK cells were also able to induce try-
panocidal activity in L929 cells and that in this case no IL-12
could be detected due to the absence of APC. This is in con-
trast to our recent results showing that the cytotoxic activity
of NK cells was dependent on the IL-12, which was provided
by APC [26], indicating that cytokine secretion and cytotoxic
activity of NK cells is regulated differentially. In conclusion,
our experiments concerning type I interferons suggested that
these, although induced in infected fibroblasts, had no influ-
ence on the activation of spleen cells. Another possibility
might be that the activation of naive spleen cells is elicited by
Toll-like receptors (TLR), as binding of T. cruzi-derived mol-
ecules to TLR-2, which is highly expressed on APC, was
reported [29]. T. cruzi-derived molecules that are always
present in the cell culture, although the parasites remain
intracellular, might bind to TLR 2 leading to the induction of
IL-12 and IL-18, which acts synergistically on NK cells [30].
However, infection of the human cell line 86-HG-39 with T.
cruzi did not induce cytokine production in murine NK
cells. Thus, the possibility of T. cruzi-derived molecules as a
source of activation can be excluded.

We have demonstrated in this work that T. cruzi-infected
L929 cells secrete soluble molecules that activate NK cells.
Although type I interferons were induced, they appeared to
be neither critical for NK cell activation nor for the induc-
tion of trypanocidal activity in L929 cells. The trypanocidal
activity of L929 cells was dependent on endogenous iNOS
activity which is, at least to a major part, induced by IFN-γ
produced by NK cells. This work provided a more detailed
analysis of how as a part of the innate immune system NK

cells could participate in the control of parasites and in the
regulation of the specific immune response.
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